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1. Introduction
The use of novel nanoparticles in rubber com-
pounding is one of the latest trends in the develop-
ment of elastomeric materials. Nanofillers such as
carbon nanotubes (CNT), organophilic modified
clays are very attractive because they can improve
mechanical, thermal and physical properties even in
small amounts, once provided that a good disper-
sion in the matrix is obtained and a good matrix-
filler interaction is achieved [1–3]. In fact if the
filler is dispersed on a nanometer scale, its surface
area is increased so much that its efficiency exceeds
that of conventional non-active fillers. On the other
hand, the effect of the novel nanofillers is some-
what similar to those of the traditional active fillers,
i.e. silica and carbon black (CB).
Among nanofillers, CNTs are very promising for
their outstanding mechanical properties and for
their high thermal and electrical conductivity. On
the other side, when used as fillers in a polymeric
matrix, difficulties rise in obtaining a good CNT
dispersion with common processing technologies.
Multiwall carbon nanotube (MWCNT) reinforced
composites are widely investigated in literature,
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Abstract. The fracture resistance of different rubbers containing various nanofillers, such as multiwall carbon nanotube
(MWCNT), organoclay, silica and carbon black (CB), was determined by the J-integral making use of the single edge
notched tensile loaded (SEN-T) single specimen approach. The elastomeric matrices were natural (NR), ethylene propylene
diene (EPDM) and hydrogenated nitrile rubbers (HNBR). Moreover, the strain softening (Payne effect) of selected rubbers
with 30 part per hundred rubber (phr) filler content was also investigated by dynamic mechanical thermal analysis (DMTA)
in shear mode. DMTA results indicated that the Payne effect follows the ranking: MWCNT(fibrous)!>!organoclay(platy)!>
silica(spherical). J-resistance (JR) curves were constructed by plotting the J value as a function of the crack tip opening dis-
placement (CTOD!), monitored during loading. CTOD! = 0.1 mm was considered as crack initiation threshold and thus
assigned to the critical value JIc. JIc increased with increasing filler loading, whereby MWCNT outperformed both silica
and CB. On the other hand, JIc did not change with filler loading for the NR/organoclay systems that was traced to strain-
induced crystallization effect in NR. The tearing modulus (TJ) also increased with increasing filler loading. The related
increase strongly depended on both rubber and filler types. Nonetheless, the most prominent improvement in TJ among the
fillers studied was noticed for the fibrous MWCNT.
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© BME-PTand although a large body of work has already been
done on mechanical properties of MWCNT filled
elastomers [1, 2], their fracture behaviour is still
unexplored.
This work is aimed at investigating the reinforcing
effect promoted by MWCNT, organoclay, silica and
CB nanoparticles on fracture resistance of various
rubbers. The elastomeric matrices selected were:
natural rubber (NR), ethylene propylene diene
(EPDM), and hydrogenated nitrile butadiene rubber
(HNBR). NR was filled with organoclay, EPDM
with CB and HNBR both with MWCNT and silica.
In all systems the amount of filler has been varied.
The fracture resistance of the various materials was
studied by using the J-integral which is a fracture
mechanical approach. The single specimen J-test-
ing methodology was recently adapted for rubbers
[4, 5]. Fracture mechanics parameters describe
quantitatively the material resistance to fracture in
the presence of flaws or defects, and J parameter
can be defined as the energy required per unit area
to create new fracture surfaces. The peculiar feature
of the J-testing is that one can get information on
both the resistance to crack initiation and to propa-
gation in the materials.
2. Experimental
2.1. Materials
The sulphur-cured NR (SMR-GP) was filled with
different amounts of an organoclay consisting in
montmorillonite modified with dimethyl dihydro-
genated tallow ammonium salt and with an organic
content of 40 wt% (Dellite 67G, produced by
Laviosa Chimica Mineraria SpA (Livorno, Italy)).
The following amounts of organoclay were added
in the NR matrix: 0, 6.5, 14 and 30 parts per hun-
dred rubber (phr). The preparation and the recipe of
NR-based nanocomposites, kindly prepared and
supplied by Pirelli SpA (Milan, Italy), were pub-
lished in ref. [5–7]. The sulphur-cured EPDM rub-
ber was filled with different amounts of CB N550
type. CB was added in 0, 30, 45 and 60 phr in the
related recipes the preparation of which was dis-
closed earlier [8]. The peroxide cured HNBR con-
tained two different amounts (viz. 10 and 30 phr) of
silica nanoparticles or MWCNTs, respectively. Sil-
ica under the trade name Ultrasil VN2 was procured
from Evonik-Degussa (Essen, Germany), whereas
the MWCNT (Baytubes C 150 P) was supplied by
Bayer MaterialScience (Leverkusen, Germany).
The composition and preparation of the HNBR-
based systems were already published [9, 10]. The
materials for testing were available form of ca.
2 mm thick vulcanized plates. A summary of matri-
ces and fillers of all the materials shown is reported
in Table 1.
2.2. Tests
Preliminarily, some basic mechanical properties
were measured at low strains, in order to provide
additional information about of the different
mechanical behavior of the various materials. Ten-
sile tests were performed on CB filled EPDM rub-
bers, to evaluate the stress-strain curves of the
material and measure the initial modulus. Such tests
were carried out by an Instron dynamometer (Model
3366, INSTRON, Norwood, Massachusetts, USA),
at the crosshead speed of 5 mm/min on 10 mm large
and 2 mm thick strips, with a gauge length of 60 mm.
Due to the small amount of material available, the
HNBR based composites were not characterized by
tensile tests, but by dynamic mechanical tests, per-
formed in shear mode, at room temperature, at the
frequency of 1 Hz in a shear strain amplitude range
between 0.001 and 0.1. These tests were performed
by a dynamic-mechanical thermal analyser (DMTA)
by Polymer-Lab Ltd. (Loughborough, UK). The
aim behind dynamic mechanical tests was merely a
basic characterization of the mechanical behavior
of such materials (stiffness at low strains, non-lin-
earity effects, dissipative properties), completely
unrelated to the results of fracture tests shown in
this work. Fracture tests are performed on single
edge notched in tension loaded (SENT) specimens
(see Figure 1a). 
The width (W) is 25 mm, the thickness (B) is 2 mm,
the gauge length (L) is 50 mm and the initial crack
length (a0) to width ratio was 0.4. Such dimensions
were chosen on the basis of a previous work aimed
at optimizing the geometry factor [5]. The notch is
introduced by an industrial blade and then sharp-
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Table 1. Summary of matrices and filler types and contents
of the materials studied
Matrix Filler type Filler contents [phr]
HNBR Silica 0; 10; 30
HNBR MWCNTs 0; 10; 30
EPDM CB 0; 30; 45; 60
NR Organoclay 0; 6.5; 14; 30ened by sliding a razor blade at the notch tip. Tests
were carried out by an Instron dynamometer (the
same used for tensile tests), at the crosshead speed
of 2 mm/min at room temperature. The fracture
testing methodology employed was introduced in
details in ref. [5]. Recall that this J-testing method-
ology allows us to detect the fracture initiation
point from which the material resistance to crack
initiation (JIc) can be deduced, and also to assess the
stable crack propagation by constructing the J-resis-
tance curve, and all this by testing only one speci-
men. Practically, while the load-displacement data
are recorded, a photo camera takes a sequence of
photos of the crack tip, one every 5 seconds. The
camera is positioned in front of the crack in order to
focus on the internal surfaces of the crack. A
schematic representation of a specimen during the
fracture process is shown in fig. 1, both from a lat-
eral view (Figure 1b) and from the corresponding
frontal view (Figure 1c), while Figure 1d shows a
real picture taken to the specimen in a frontal view.
The crack surfaces are coated by a contrast powder
(e.g.: talc for black materials) before the test and
therefore the new fracture surfaces can be easily
recognised because of the contrast between the
colour of rubber and the colour of the powder. By
analysing such photos the point where fracture
begins to propagate can be detected, and the J value
corresponding to the onset of fracture (JIc) can be
evaluated by Equation (1):
                                                 (1)
where U is energy, evaluated as the area under the
load-displacement curve up to the point considered,
and ! is a geometry factor, equal to 0.9 [5]. The
resistance of the specimen to fracture propagation is
characterized by the J-resistance curve, which
relates J, evaluated by the loading curve following
Equation (1), to the crack advancement ("a) during
the phase of stable crack advancement. However,
high deformability of rubbers makes impossible to
monitor the actual crack advancement during the
test. The methodology followed in this work relates
J values to the crack tip opening displacement,
CTOD!, at different times during the fracture
process. CTOD! is related to the crack advance-
ment, and can be therefore considered as an indirect
measurement of "a. CTOD! is measured on the
pictures taken to the crack tip in a frontal view,
where the extension of the opening at the crack tip
(CTOD!) due to the creation of the new fracture
surfaces is evidenced by the contrast of the different
colors of rubber and coating powder. An example of
CTOD! measurement is shown in Figure 1c and
1d. In the present work the correlation between
CTOD! and "a was not analyzed. A CTOD!-"a
calibration curve was however obtained by the
authors for a CB filled HNBR by a multi-specimen
procedure. The result, shown in ref. [11], evidenced
that CTOD! was linearly dependent on "a in the
first stage of the fracture process of the elastomeric
system investigated. It should be pointed out that
often it was not possible to identify unequivocally
the onset of crack advancement, but rather a gradual
transition was observed from the phase of deforma-
tion to the phase of fracture at the crack tip. For this
reason the initiation point was rendered to
CTOD! = 0.1 mm (through the whole thickness).
Each fracture test was repeated three times.
3. Results and discussion
The storage shear (G#) and the loss shear modulus
(G$) resulting from the DMTA tests are plotted in
Figure 2 and 3, respectively, as a function of the
shear strain amplitude for the NR and HNBR with
and without 30 phr additives.
G# and G$ of neat HNBR are indicated by full
squares, while full circles and full triangles indicate
HNBR filled with 30 phr of silica and 30 phr of
MWCNTs, respectively. From Figure 2 it can be
pointed out that at low strains the filled systems dis- J 5
h~U
B~1W 2 a02
J 5
h~U
B~1W 2 a02
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Figure 1. a) geometry of SENT specimen used for fracture
tests; b), c) schematic representation of the loaded
specimen in a lateral and a frontal view, respec-
tively; d) photo of the crack tip of a specimen of
HNBR filled with 10 phr MWCNTs in a frontal
view; CTOD! is indicatedplay the typical non-linear behaviour (Payne effect)
that consists in a decrease of the storage modulus
with increasing strain amplitude. MWCNTs-filled
system exhibits a stronger stiffening effect and a
larger non-linearity effect compared to silica-filled
HNBR. The storage and loss moduli obtained for
NR and NR with 30 phr organoclay are taken from
ref. [6]. It is interesting to notice that, although the
matrices have similar storage moduli, MWCNT
improves the stiffness of HNBR far more than organ-
oclay at the same filler loading (30 phr). For exam-
ple, by considering the storage moduli at 0.003 of
shear strain amplitude, it turns out that 30 phr of sil-
ica improves 5 times the stiffness of its matrix, organ-
oclay 13 times and MWCNTs 18 times. This effi-
ciency of MWCNT is most probably linked with its
dispersion and high aspect ratio. Further, MWCNTs
are found to induce in the matrix the highest
increase of energy dissipation, with respect to the
other fillers investigated: this effect can be observed
by the behaviour of the loss modulus vs strain
amplitude plotted in Figure 3.
Tensile tests carried out on EPDM based rubbers
provided the following elastic moduli, evaluated as
the slope of the stress-strain curve at very small ten-
sile strains: 1.7±0.05, 4.7±0.20, 7.1±0.09 and
8.4±0.20 MPa for EPDM filled with 0, 30, 45 and
60 phr of CB, respectively.
The raw results obtained from fracture mechanics
tests are the load-displacement curves. Figure 4
shows characteristic load vs displacement traces
obtained from fracture tests on SENT specimens of
different materials: the neat matrices (EPDM and
HNBR) and the samples filled with 30 phr of
nanofiller, EPDM with CB, HNBR with silica and
MWCNTs. The curves of NR and NR filled with
30 phr organoclay, obtained under the same experi-
mental conditions [5], were inserted in Figure 4 for
sake of comparison. The points of fracture initia-
tion, assigned to CTOD! = 0.1 mm, are displayed
on the curves by open triangles.
By considering the curves of the neat matrices, it
can be observed that at small displacement values
all the three materials have a similar behaviour, but
NR shows a maximum displacement that exceeds
more than twice those of the other matrices. Also
the onset of fracture of NR occurs at a higher dis-
placement than for the unfilled HNBR and EPDM
rubbers. By the comparison of the curves of
MWCNT and nano-silica filled HNBR, it can be
seen from the initial slope of these curves that
MWCNTs enhance the stiffness of HNBR speci-
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Figure 2. Dynamic storage modulus in shear mode at 1 Hz
plotted against strain amplitude for HNBR- and
NR- nanocomposites at 0 and 30 phr of filler con-
tent
Figure 3. Dynamic loss modulus in shear mode at 1 Hz
plotted against strain amplitude for HNBR- and
NR-nanocomposites at 0 and 30 phr of filler con-
tent
Figure 4. Load-displacement curves obtained from fracture
tests on composites filled with 30 phr of fillers
(thick lines) and of the corresponding neat matrixes
(HNBR, NR and EPDM rubber, thin lines). Open
triangles indicate the point at CTOD! = 0.1 mmmen more than silica nanoparticles. This result is in
agreement with the trend of G# values at small
strains obtained by DMTA experiments.Further,
although MWCNT filling increases the maximum
load reached during the test, the maximum dis-
placement is reduced with respect to the matrix.
This is characteristic for discontinuous fibrous rein-
forcements in all polymer composites. By contrast,
the silica nanoparticles cause an increase of the
maximum displacement. By observing the load-dis-
placement curve related to the EPDM rubber filled
with CB, it appears that 30 phr of CB within EPDM
produces the same fracture behaviour as silica
within HNBR, until the point of fracture initiation.
With reference to NR filled with organoclay, sur-
prisingly its loading curve follows faithfully that of
HNBR reinforced by MWCNTs, though the onset
of fracture of the NR system occurs at a larger dis-
placement.
JIc values, evaluated by Equation (1) at CTOD! =
0.1 mm and averaged over the results of three tests,
are reported in Figure 5. The results of HNBR filled
with silica nanoparticles (open circles) and MWCNTs
(black circles), CB filled EPDM rubber (full trian-
gles) and organoclay filled NR (full squares) [5] are
plotted in Figure 5 as a function of the filler con-
tent.
Figure 5 provides an interesting comparison of JIc
values obtained for various rubbers containing dif-
ferent fillers. It can be seen that neat HNBR and
EPDM rubber (see values at 0 phr filler content)
have a comparable fracture resistance. At 10 phr
filler, MWCNTs increase fracture resistance of
HNBR slightly more than silica nanoparticles do.
However, the fracture resistance of HNBR filled
with 30 phr MWCNTs outperforms both that of
HNBR with 30 phr silica and that of EPDM with
30 phr CB. Moreover, by comparing the HNBR/
MWCNTs and EPDM/CB systems, the results clearly
indicate that a substantially higher amount of CB
than MWCNT is required to achieve a comparable
level of fracture resistance. It also turns out that the
fracture resistance of MWCNTs filled HNBR is
comparable to that of NR filled with 30 phr organ-
oclay. It is worthwhile to note that the fracture
resistance of NR-based systems can be strongly
influenced by strain-induced crystallization, and
thus it cannot be only attributed to reinforcing
effect of the filler. In fact JIc of NR is practically not
affected by the incorporation of organoclay up to a
content of 30 phr, which could be linked to a domi-
nant effect of strain-induced crystallization. This
hypothesis is supported by literature works, that
analyze the significant fracture resistance enhance-
ment of NR-based systems promoted by strain induced
crystallization (see for example ref. [12]).
Further, the fracture resistance of HNBR and EPDM
based systems was analysed during the process of
fracture propagation. As described in the experi-
mental section, J values are calculated for several
points on the load-displacement curve after the
onset of fracture and the corresponding CTOD!
values are measured on the photos of the crack tip
taken during the fracture test. Some examples of J
vs CTOD! curves (JR curves) are shown in Figure 6,
where JR curves of the neat matrices, HNBR and
EPDM, and of the corresponding composites added
with 30 phr filler are compared. It can be observed
that JR curves of the matrices are almost overlap-
ping, and the curve referred to the 30 phr CB filled
EPDM is very close to that of the 30 phr silica filled
HNBR sample. By contrast, it appears that at 30 phr
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Figure 5. JIc vs filler content for the various elastomeric
composites investigated
Figure 6. J-resistance curves of HNBR- and EPDM- based
nanocompositesfiller content HNBR with MWCNTs achieves higher
levels of J with respect to the other systems filled
with CB or silica. This underlines the higher effi-
ciency of MWCNTs, with respect to the other fillers,
in enhancing the resistance to both fracture initia-
tion and propagation.
It must be pointed out that a reliable comparison of
J values of the different materials during fracture
propagation should be performed at the same crack
advancement, whereas CTOD! parameter, used to
plot JR curves in this work, though related to "a, is
also dependent on the elastic properties of the mate-
rial. However, it is still possible to compare the
resistance to fracture propagation of materials with
different deformability by the slope of the
JR(CTOD!) curve at CTOD! = 0 mm. Then a TJ
parameter, termed tearing modulus, as proposed in
[5] is defined as Equation (2):
                                  (2)
By this parameter the resistance to fracture propa-
gation of different materials is evaluated at the
same stage of the fracture process, i.e. at the very
beginning of the process.
Figure 7 shows the values of the tearing modulus
plotted as a function of the filler content, for the
various rubber based composites. TJ values of NR
filled with organoclay systems published in ref. [5]
are also shown for comparison.
Concerning HNBR based systems, MWCNTs show
a higher efficiency in improving the resistance to
fracture propagation with respect to silica nanopar-
ticles, since they increase the tearing modulus, as
previously defined, even at low filler contents. Note
that MWCNTs increase three times the tearing
modulus of HNBR at 10 phr loading, while the
effect of silica at the same filler content is negligi-
ble. Figure 7 indicates that TJ value of NR, which is
lower than that of the other neat rubbers analysed, is
only slightly increased by the addition of the organ-
oclay. This is a further, however, still indirect con-
firmation on the large effect of strain-induced crys-
tallization which does not take place at this stage.
One can see that CB increases remarkably the TJ
values of EPDM rubber only at high filler contents.
A least 30 phr of CB is required to increase the resist-
ance to crack propagation of  the EPDM rubber in
order to reach the same level produced by 10 phr of
MWCNT in HNBR. Thus, the results of Figure 7
evidence as a whole the high efficiency of MWCNTs
to enhance the resistance of elastomeric systems to
crack propagation.
4. Conclusions
This work was devoted to characterize the strain
softening and the fracture resistance of elastomer
based nanocomposites making use of the J-integral
approach. The rubber matrices, viz. NR, EPDM and
HNBR, were filled with various amounts of
MWCNT, organoclay, silica and CB.
While the matrices showed similar shear modulus-
shear strain traces, the storage modulus of the com-
posite containing MWCNT exhibited larger non-
linearity and stronger reinforcing effect in the whole
range of strain amplitude explored than organoclay
and silica.
Results from the single-specimen J-testing method-
ology highlighted that MWCNT is the most effi-
cient filler with respect to both crack initiation and
propagation. Accordingly, similar fracture resist-
ance data, i.e. JIc and TJ values, can be obtained
with smaller amounts of MWCNT than with other
fillers.
Although this investigation was not extensively
developed by systematically varying material com-
position and morphology, the results bring to light
that the J-testing methodology used is a straightfor-
ward tool to check recipe related changes with
respect to crack initiation and propagation resist-
ance.
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